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Abstract: 

Final state qq interactions give origin to non zero values of the off-diagonal element 
Pi _i of the helicity density matrix of vector mesons produced in e^e~ annihilations, 
as confirmed by recent OPAL data on 0, D* and K*^s. New predictions are given for 
Pi-i of several mesons produced at large and small px - i-G. coUinear with the 
parent jet - in the annihilation of polarized e"*" and e~; the results depend strongly on 
the elementary dynamics and allow further non trivial tests of the Standard Model. 



1 - Introduction 



In a series of papers [0-0 it was pointed out how the final state interactions 
between the q and q produced in e~^e~ annihilations - usually neglected, but indeed 
necessary - might give origin to non zero values of spin observables which would oth- 
erwise be forced to vanish. The off-diagonal spin density matrix element pi^-i{V) 
of vector mesons may be sizeably different from zero Q due to a coherent frag- 
mentation process which takes into account qq interactions; indeed, predictions were 
given 1^ for several spin 1 particles produced at LEP in two jet events, provided 
they carry a large fraction a;^ of the parent quark energy and have a small intrinsic 
k±, i.e. they are collinear with the parent jet. 

The values of pi-i{V) are related to the values of the off-diagonal helicity density 
matrix element p+---+{qq) of the qq pair, generated in the e"e+ qq process 0]: 

where the value of the diagonal element Poo(^) "^^^ be taken from data. The 
values of depend on the elementary short distance dynamics and can 

be computed in the Standard Model. Thus, a measurement of pi-iiV) is a further 
test of the constituent dynamics, more significant than the usual measurement of 
cross-sections in that it depends on the product of different elementary amplitudes, 
rather than on squared moduli. With unpolarized and e~ 

= ^Y: ^+-;A a, Ml^.^^ , , (2) 
where the M's are the helicity amplitudes for the e~e+ qq process and 

4iV..-= E I^A,A,-;A_A,r- (3) 



AqiA^;A_,A^ 



At LEP energy, i/i = M^, one has 

2 {g^+gi)q 1 + cos^^ 

where and g^ are the Standard Model coupling constants [reported for conve- 
nience in Eq. (|15|)] and 6 is the vector meson production angle in the e~e~^ cm. 
frame. 

At lower energies, where weak interactions can be neglected, one has: 



Eq. (|T]) is in good agreement with OPAL Collaboration data on 0, D* and K*, 
including the 9 dependence induced by Eq. (|) [^, |^ ; however, no sizeable value of 
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for y = p, and K* was observed by DELPHI Collaboration ||^. Further 
tests are then necessary. Predictions for with V = (p^D* or B* produced 

in NN VX, 'yN VX and iN iVX processes were given in Ref. 0. 

We consider here again the process e"^e^ assuming all possible polar- 

ization states for the initial leptons. This might not be a realistic case - polarized 
e+e~ beams might not be available in the nearest future - but, as we shall see, the 
results show such a strong interesting dependence on the spin elementary dynamics, 
that such a possibility should not be forgotten when planning future e+e~ colliders. 
Also, this work is the natural expansion and completion - with all possible cases 
and theoretical predictions taken into account - of the study undertaken in Ref. 

In the next Section we compute the value of with the most general 

spin states of and e~; in Section 3 we obtain numerical estimates in several 
particular cases and in Section 4 we give some comments and conclusions. 

2 - Computation of p_| . \-{qq) 

In case of polarized initial leptons Eq. (EI) modifies into: 
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Pxl,X^;\'^,xdll) - ^ J2 Mx,,\,;\_,\+ PX_,X+;X'_,X'+ ^X',,X',;\'_,X'+ (6) 

with 



^^qq X_,X_^,X'_,X\ 



and where 

PA_,A+;A'_,A;(e"e+) = px ,x' {e-) PA+,A;(e+) (8) 

is the helicity density matrix of the incoming independent leptons. 

The most general helicity density matrices for the incoming e~ and are given 

by 

, _x _ 1 / l + cosa_ e~'''-sina_ \ , . 

' ~ 2 \ e'^- sin a_ l-cosa_ j 

and 

( +\_^ ( l-cosa+ e*^+sina+ \ , , 

^^"^ ^ ~ 2 1, e-^^+ sin«+ 1 + cos«+ ) ^^^> 

where a_ and /3_ («+ and are respectively the polar and azimuthal angle of the 
e~ (e"*") spin vectors; we have chosen xz as the scattering plane with e~ (e"*") moving 
along the positive (negative) direction of z-axis. 

Insertion of Eqs. (|8|)- (|lOD into Eqs. (H) and (|^), neglecting lepton masses, yields 



Pl%,x'^,xL{m) - J^i 
^^^qq 



[I + cosa_) (1 + cosa+) Mx x,;+- y .^^ 



+ e-'(^-+'^+) (sin a_ sin a+) ,a„-;+,- M*, y_ 



2 



+ e 



i(/3-+/3+) 



sin a_ sin a+) Ma^,a^-;-,+ My 



+ (1 - cosa_) (1 - cosa+) Ma^,a,-;-,+ ^1>\l,-, 



(11) 



with 



4ArP|' = (l + cosa_)(l + cosa+) [ |M+_;+_|2 + |M_+;+_ 
+ (1 - cosa_) (1 - cosa+) [ |M+_._+p + |M_+._+ 



+ 2 sin a_ sin Re 



-i(/3_+/3+) 



-+;-+ 



(12) 



In the last equation also quark masses, compared to their energies, have been ne- 
glected. 

The explicit expressions of the relevant e^e~ — > qq cm. helicity amplitudes are 
given by 0: 



M±^;±^ = e^(l + cos^) [eq- g^{s){g^, T9a)i idv 
M±^;^± = 6^(1 - cos^) [eg - g^{s){g^ ± g^)i {g^^g^)g] 

with the usual Standard Model coupling constants: 



(13) 
(14) 



9l 



u,c,t 



9 
9 
9z{s 



V 

d,s,b 
'V 



-- + 2 Sin' 9^ 

1 4.2. 
sm &,„ 

2 3 

1 2.2^ 
1 — sm 

2 3 

1 



si 



■,u,c,t 



2 
1 



1 

2 



4sin2^^cos2^,,, {s - Ml) +iM^T^ 



(15) 



By inserting Eqs. (|T^) and (|I1|) into Eqs. (jl^) and (|T^ one obtains 

1 



pol 



(qq) 



AN'' 



■pol 



(1 + cos' e) + COS e Fi°' + sin' 6 Fl 



\pol 



pol 



(16) 



(1 + cos' e) « + zF^;;) + cos^ « + ^Ff"') 



+ sin'^« + zF|°') 



with 



= (1 + cos' ^) + cos ^ Ffi + sin' 6 Ffg^ . 



(17) 



(18) 
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The twelve functions Ff °' depend on the spin directions of the incoming leptons: 



Ft 



\pol 



(1 + cos «+)(! + cos «_) ei + \g^\^{g^-g^fi{gy-g^)\ 



5,9 



rppol 



r-ipol 

8,q 



10,q 



Ajq 



- eg2(Reg^){g^ - g^)i{g^ - g 
+ (1 - cosa;+) (1 - cosa_)[eJ + \g^\'^ {g^ + g^)^ {g^ - g^)^ 

- eg2{Reg^){gy+g^)i{g^-g^)g 

= {l + cosa+){l + cosa^)2[el+\gJ'^ {gy - gj^ {g^ - g^)l 

- eg2(Reg^){g^ - g^)i{g^ - gjg 

- (1 - cosa+) (1 - cosa_)2 [ej + \g^\'^ {g^ + g^)] {g^ - g^ fq 

- eg2 {Re g^) {g^ + g^)i{g^ - gjq 

= 2 sma+ sma_ [cos(/3+ + {el + IgJ"" {gl - gl)i{g^ - g^)l 

- eg 2 (Re^^) g^ {g^ - g^)q) + sin(/3+ + 2 (Im^^) g[ {g^ - gj^ 
= 2 sma+ sina_[cos(/?+ + /3_)[e5 + {g^l'^ {gl - g\)i{gl - g\)q 

- e, 2 (Re^J g'^ gl] + sin(/5+ + /?_) e, 2 (Im^J g\ g^ 
= 2 sin a+ sin «_ cos(/9+ + /?_) 2(Im g^) c^^ g'^ 

+ sm{P+ + P^)eq2 {Re g,)g[gl 

= 4 sin q;+ sin q;_ — cos{/3+ + eq2 (Reg^) g^^ g'^^ 

+ sm{p+ + p_)eq2{lmg^)glgl 

= 4 sinQ;+ sinQ;_ cos(/9+ + 2 (Imgf^) (7^ (7^ — sin(/3+ + 

[el + \g,? {gl - gl)i {gl - gl)q - e, 2 (Re^J g[ gl 



X 



(1 + COS «+)(! + COS «_) el + \g^\^{g^-gJl{gl-gl)^ 



+ 



el + \g,?{gy+g^fi{gl-gl), 



+ 



X 



e<?2(Re^^) {gy-g^)igl 
(1 — COS q;+) (1 — COS q;_) 
eg 2 (Re {gy+g^)igl 

(1 + cos «+) (1 + cos «_) [eg 2 {Img^) {g^ -gA)ig'i 
(1 - cos «+) (1 - cos q;_) [eg 2 (Im g^) {g^ +gA)ig\ 
(1 + cos«+) (1 + cos«_)(l/2) [el + \g,\^ {g^ - gjf {g^ + g'Jg 
eq2{Reg^) {g^ - gjigl] + (1 - cosa+) (1 - cosa_)(l/2) 
4 + \gz? (gv + gA?i {gl + gDa - eg 2 {Reg,) {g^ + g^)i gl 
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(1 + cosa+) (1 + cosa_) 2 \ eq {Reg^) (g^ -gA)i9\ 
^ i.9v - 9a)1 i.9v9A 



\9 



rppol 



— (1 — COS a+) (1 — COS a_) 2 

- 1921"^ i9v + 9A)h9v9A)c 

= (sin sin q;_ 



eg (Re^^) {g^+g^)ig 



cos{P+ + (3.) [el -e,2 {Re g,)gl.gl 
+ \gz? {9l - g\)i {gl + gl),] + sin(/3+ + I3.) [e, 2 (Im (?J g 



A ^Vi 



(19) 



Eqs. (p!7|)- ([l9|) give the most general expression of p^L-^^i^qq) for a qq pair 
obtained in the annihilation process of polarized leptons, e~e~^ — > qq, at lowest 
perturbative order in the Standard Model, taking into account both weak and elec- 
tromagnetic interactions (7 and Zo exchanges). 

3 - Numerical values of p_| ; \-{qq) 

Let us now consider different polarization states of and e"*". We choose as 
possible spin directions the 3 coordinate axes, x, y, z, with spin component ±1/2 
along these directions: the corresponding values of {a, P) in Eqs. (P) and (0) are 
as follows: 



+ x = (7r/2, 0) +y={n/2,n/2) +z 
-X = (7r/2, tt) - y = (7r/2, 37r/2) -z 



(0, 0) 



vr, TT) 



(20) 



We have then a total of 6 x 6 = 36 possible initial spin states. Many of them 
will lead to the same value of p+°i._+(gg) and it is convenient to group them into 
the following 9 cases (notice that Case 3 is just listed for completeness, but it 
gives identically null results due to helicity conservation in the e~e'^Zo and e~e"'"7 
vertices): 

Case 1: 

{P{e-,+z),P{e+,+z)} 
Case 2: 

{P(e-, +z) , P(e+, +x)}, {P(e-, +z) , P(e+, -x)}, {P(e-, +z) , P(e+, +y)}, 
{P(e-, +z) , P(e+, -y)}, {P(e-, +x) , P(e+, +z)}, {P(e-, -x) , P(e+, +z)}, 
{P(e-, +y) , P(e+, +z)}, {P(e-, -y) , P(e+, +z)} 



Case 3: 

{P(e-,+i),P(e+,-z)}, {P(e- 
Case 4: 



P(e+,+i)} 
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{P(e-,-;g),P(e+,-i)} 
Case 5: 

{P(e-, +x) , P(e+, +x)}, {P(e-, -x) , P(e+, -x)}, {P(e-, +y) , P(e+, -y)}, 
{P(e-,-y),P(e+,+y)} 

Case 6: 

{P(e-, +£) , P(e+, -£)}, {P(e-, -£) , P(e+, +£)}, {P(e-, +y) , P(e+, +y)}, 
{P{e-,-y),P{e+,-y)} 

Case 7: 

{P(e-, +x) , P(e+, {P(e-, +y) , P(e+, {P(e-, -x) , P(e+, -y)}, 

{P(e-,-y),P(e+,-£)} 

Case 8: 

{P(e-, +£) , P(e+, -y)}, {P(e-, -y) , P(e+, +£)}, {P(e-, -£) , P(e+, +y)}, 
{P(e-,+y),P(e+,-x)} 

Case 9: 

{P(e-, -z) , P(e+, +x)}, {Pie-, ~z) , P(e+, {P(e-, -z) , P(e+, )}, 

{P(e-, -i) , P(e+, -y)}, {P(e-, +x) , P(e+, -5)}, {P(e-, -£) , P(e+, -i)}, 
{Pie-, +y) , P(e+, -i)}, {P(e-, -y) , P(e+, -5)}. 

The corresponding expressions of the functions Pf°' are given by: 



4 + l^^l^ (^v - 9a)^ i9v - 9a)1 - eg 2 (Re c/^) (c/^ - c/^); (c/^ - g^)^ 



Case 1: 

^1,9 

Tppol,Cl rppol,C'l rppolyCl rppol,Cl rppol,Cl rppol,Cl n 

3,q ~ ^4,q ~ ^ 5,q ~ ^ 6,q ~ ^7,q ~ ^ I2,q ~ ^ 

rnpol,Cl 
^8,q 

T^POl,Cl 
Tppol,Cl 
Tppol,Cl 

^ll,q 



4 + \9z? i9v - 9a?i i9l - 9l)q - eg 2 (Re^^) ig^ - g^)i g\ 
e?8(Im^^) ig^ -gjig^ 

4 + \9z\''{9v-9A)f{9l+9l)q-eq2iReg^){gy-g^)ig[ 



egiReg^) igy-gjig^ - \9z?i9v - 9a)^ {9v9A)q 
Case 2: 

ppoi,C2 ^ (^/2) if ^^'-^^ (i = 1 - 12) 



(21) 
(22) 
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Case 3: 



Tppol,C3 

Case 4: 

ppol,C4 

ppolfii 
Tppol,CA 

TpPol,CA 
^ll,q 



Case 5: 

rppol.Cb 

Tppol,C5 
^2,q 

Tppol,C5 
^3,q 

T-ipol,C5 
^4,q 

Tppol,Cb 
^5,q 

Tppol,C5 
^6,q 

T-^poLCf) 
^7,q 

T-ipol,C5 
^8,q 

T-ipol,C5 
^9,q 

Tppol,Cb 

T-ipol,C5 
^ll,q 

T-ipol,C5 
^I2,q 



Case 6: 

T-ipo/,C6 
^2,q 

^3,q 

T-^pol,C(:> 
^i,q 

T-ipol,C6 
^5,q 



(i = 1 - 12) 



(23) 



'1+ \9z?{9v+9a)U9v -9A)l-(^q'^i'^^9z){9v+9A)d9v -9A)q^ 
~8[el + \g^\^ {g^ + gjf {g^ - g^)l - eg2 (Re g^) {g^ + g^)i {g^ - g^)q 

rppol,CA _ Tppol,CA _ Tppol,CA _ r^pol,C4 _ rppol,CA _ n. 
^A,q — ^5,q " ^ 6,q " ^7,q " ^ I2,q " ^ 

4[e^ + \g^\^ {g^ + g^)f (^ _ g^)^ _ e, 2 (Reg,) {g^ + g^)i g\ 
eg8(Imt/^) (gy+gjigl 
4 + \9z? {9v + 9a)1 {gl + 9l)q - e, 2 (Re^^) {g^ + g^)i g\ 
- eq (Reg^) {gy + gji gl + |c/^ P (c/^ + c/^)f (c/^c/^)g 



= 2 



eg + \9z? {gl + gl)i {gy - gA)l - 2 (Re^^) g^^ [g^ - g^)g 

-\gz\'^{gvgA)i{gv - gA)l + (^q (Re^^)^^ {gv-gA)q 

el + \9 zlHgl - 9l)i i9v- 9 A^q-eq 2 [Re g^)gl {gy - g^)q 

'el + \gz? {gl - gl)i {gl - g\)q - eq 2 (Re^J g\ gl 
eq^^'^gz)g\ g\ 



-eg^{Reg,)g\g\ 
eg8{lmg^)g[g 



1 

'A 



^l + \gz? {gl + gl)i {gl - gl\ - eq 2 (Re^j g\ gi 



eg4(Im^^) g\ 

el + \gz? {gl + gl)i {gl + gl)q - eq 2 (Re^J g\ g 

4[-eg(Re^^)^^^;^ + p 2(c/^^^), (^^^^)g 

el + \gz? {gl - g\)i {gl + gW - eq 2 (Re^J g\ g 



el + bzl" {gl + g\)i {gy - gA)l - 2 (Re^^) 4 {gy - g^) 

- \gz? {gvgA)i{gv -gA?q + eq {Reg^)g\ {gy -gA)q 
-2[e^ + \gz? {gl - gl)i {gy - gA?q - 2 (Re^^) g^ {gy - g 

-2[e^ + \gz? {gl - gl)i {gl - g% - eq 2 (Re^J < gl 

-egA(Img^)glgl 



Ajq 



(24) 



(25) 
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rpP0l,C6 

6,g 



eg8{Reg^)g[ g] 



ipol,C6 



Tppol,C6 
T-ipol,C6 



Case 7: 

ppol,C7 _ 
1,9 

T^pol,CT 

T^pol,CT 
^3,q - 

T^pol,C7 
pP^,C7 _ 

T7<pol,C7 

^6,q 
Tppol,C7 

rppol,C'7 
^8,q - 

ppol,C7 

TPPol,C7 
^W,q 

T^pol,C7 
^n,q 

j-ipoZ,C7 



Case 8: 

rppoLCS 

Tppol,C8 

ppol,C8 
^3,q 

Tppol,C8 
i'A,q 

Trpol,C8 
^5,q 

Tppol,C8 
Tppol,C'8 

T-ipol,C8 
i'8,q 

Tppol,C8 
^9,q 



-CgS (Im^^)^^ gl 
2 [el + \9j' {gl + 9l)i {gl - 9l)q - e, 2 (Re 5 J 5^ g 

el + bzP {gl + gl)i {gl + ^!). - 2 (Re^j 



= 4 



eg (Re^^)c/5^^^ + \gj'^2{g^gji{g^gj^ 



F'ltf" - -^l - \9z? {gl - gl)i {gl + gl)q + 2 (Re <7j gl gl 



2 K + \9z? {gl + ^1)/ (^v - gAfq - eq 2 (Re^J g^ {g^ - g^), 

- \gz?'^{gvgA)i{gv - gA)l + eq2{Reg^) g\{g^ - g^)q 
eg4:{lmg^)g\ {g^ - g^)g 
egA{\m.g^)g\ g^ 
egA{Reg^)g\ g^ 
eg8{lmg^)gl g^ 

-4[e^ + {gl - g\\ {gl - g\\ - e, 2 (Re^J g^ g 

2 [el + I^.P (^^ + gl)i {gl - g\)q - e, 2 (Re^J gl 
= eqA{lmg^)glgl 

-el + \gj' {gl + gl)i {gl + gl)g - e, 2 (Re^J g^ gl 

-eg {Reg^)g^^ g^ + \g^\'^ 2 {g^gji {g^gjg 
eg2{lmg^)g\ gl 



^2el + \g,\' {gl + gl)i {g^ - g^)l - e, 2 (Re^J g^ {g^ 

- \gz? {gvgA)i{gv -gA)l + eq {Reg^)g^^ {gy -g^)q 
-eg4:{lmg^)g\ {g^ - g^)g 
-egA{lmg^)g\ gl 
-egA{Reg^)g\ g\ 
-eg8{\mg^)g^^ < 
el + I^.P {gl - gl)i {gl - gl)q - eg 2 (Re^J 5^ gl 
el + {gl + gl)i {gl - g\)q - eg 2 (Re^J g\ gl 



(26) 



(27) 



egA{^^g^)g\ g\ 
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Tppol,C8 

T^pol,C8 
12,9 



Case 9: 

rppol,C'9 

i,q 



el + \g,? (4 + 9l)i (4 + 9% - e, 2 {Reg,) g\ 



-eg i^Qg,)g\ g\ + \g,Y2{g^g^i{g^g 



Ajq 



-eq2{\mg,)g\g 



V 



(1/2) 



pol,C4 
i,q 



{i = l- 12) 



(28) 



(29) 



We can now compute p^°L._j^{qq) for any initial lepton spin state, and at any 
energy, by using Eqs. (21)-(29), together with Eq. (|15|), in Eqs. (17) and (18). We 
do it here first at the Zq pole, ^/s = M,, where 



g,{s = M] 



4 sin^ 6',„ cos2 9,, 



(30) 



-0.369(1 +^0.132) 
-0.370(1 -i 0.113) 



sin^^ 



-0.371 



+0.371 



-0.371 



-0.371 



-0.374 



+0.374 



1 + COS2 0- 1.335 cos^ 
sin^^ 

1 + cos2 ^ + 1.336 cos^ 
0.003 - cos^ 6 



Taking p sin^ = 0.231, = 91.187 GeV/c^ and = 2.490 GeV yields for 
M-type quarks: 

pol,C'i,C9/ - /— n/T \ 

ImK-f+(nn;v^ = Mj] 
Re[p?lfJV(nn;v^ = Mj] 

Re[prh^\iuu;V~s = M,)] 
lm[pl"hf'^{uu;V~s = M,)] 



(uu: 



^ = M,)] = -0.374 



Im [pP^hf^+{uu; y/s = M,)] = +0.374 



0.008 + cos2 + 0.102 COS0 

0.009 + 0.047 COS0 
0.008 + cos2 + 0.102 COS0 

1 - 0.003 cos2 
1 + 0.008 cos2 + 0.102 COS0 

0.009 cos^ + 0.047 cos0 
1 + 0.008 cos2 + 0.102 COS0 

0.911 -cos^ 0-0.018 COS0 
1 + 0.934 cos2 + 0.195 cos0 

0.009 sin2 - 1.901 cos0 
1 + 0.934 cos2 + 0.195 cos0 

1-0.911 cos^ + 0.018 COS0 
0.934 + cos2 + 0.195 cos0 

0.009 sin2 + 1.901 cos0 
0.934 + cos2 + 0.195 cos0 



(31) 
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and for d-type quarks 



sin 6 

-0.176 (1 + i 0.108) — 

^ ^ l + cos2^- 1.871 cos ^ 

sin^e 



-+ 



Im [pl"h'rL%{dd 



Relpl^h'^LMdd 
ImK-fJV(cid: 
Re \/^hfJ+idd 
Im [fj^hfJ+{dd 

Re [p+°i'|l+((i(i: 



Im [f^hf^+{dd: 



-0.176(1 -i 0.092) 
-0.176 



l + cos2^ + 1.871 cos^ 
0.004 -cos^^ 



+0.176 



-0.176 



-0.176 



^ = M^)] = -0.184 
^ = M^)] = +0.184 
^ = M^)] = -0.184 



-0.184 



0.006 + cos2e + 0.142 cos^ 

0.008 + 0.069 cos^ 
0.006 + cos2e + 0.142 cos^ 

1 - 0.004 cos^ 9 
1 + 0.006 cos2^ + 0.142 cos^ 

0.008 008^^ + 0.069 cos^ 
1 + 0.006 cos2^ + 0.142 cos^ 

0.872 - cos2^ - 0.014 cos^ 
1 + 0.953 cos2^ + 0.276 cos^ 

0.007 sin^^ ~ 1.855 cos^ 
1 + 0.953 cos2^ + 0.276 cos^ 

1 -0.872 cos2^ + 0.014 cos^ 
0.953 + cos2 9 + 0.276 cos 9 

0.007 sin2e + 1.855 cos^ 



(32) 



0.953 + cos2 ^ + 0.276 cos^ 

At lower energies, instead, where one can neglect all weak interactions [that is, 
setting = in Eqs. (21)-(29) and taking into account quark masses] one obtains 
for any flavour: 



ImKlf+(gg;Vi«Mj] 
ImK!f+(gg;Vi«Mj] 



sin^^ 



2 1 + cos^ 9 + sin^ 9 
1 

2 

1 cos^ 9 
~2cos2^ + e2 sin^^ 

1 sin^ 9 

2 1 + cos2 9 + e^ sin^ 9 

— cos 9 
1 + cos2 9 + e^ sin^ 9 
cos 9 

1 + cos2 9 + e'^ sin^ 9 ' 



(33) 
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where e = IrHqj which, for heavy flavours, might not be neghgible at <^ M^. 

Insertion of Eqs. (31) and (32) or (33) into Eq. (1) allows to give predictions for 
the relation between pi,-i(V^) and po,o(^), both of them measurable quantities. Eq. 
(1) holds for vector mesons with a large energy fraction and collinear with the 
parent jet; q is the quark flavour which contributes dominantly to the final vector 
meson production i^e.g. c in D*); an average should be taken if more than one flavour 
contributes |0. 

Notice that we expect 0] Po,o(^) to be independent of the production angle Q, so 
that the sign of pi _i(V^) and its Q dependence are entirely given by the elementary 
dynamics, via p+_;_+(gg); for unpolarized e"*" and e~ such dynamics is given by Eq. 
(4) or (5), and for polarized ones by Eqs. (31) and (32) or (33). We turn now to a 
discussion of these equations and a comparison with the unpolarized case. 

4 - Comments and conclusions 

We show our numerical results for p!|.°i. (^(q'g) in Figs. 1-6. We give results 

only for those cases which strongly differ from the unpolarized case and have such 
peculiar features which would make a measurement of pi^_i(l^) in agreement with 
them an unquestionable test of our approach. In Figs. 1-4 we consider the LEP 
high energy case, ^/s = M^, and in Figs. 5-6 the lower energy case, \/s -C M^. 

In Fig. 1 we plot as functions of 6 (the V production angle in the e~e~^ cm. 
frame) the real part of p^°L-^j^{uu) at LEP energy for cases: C5, C6, CI, 2 and C4, 9. 

Also the value of p^ :_+(uu) for unpolarized leptons is reported for comparison. In 

Fig. 2 we do the same for (i-type quarks. 

In Fig. 3 we plot the imaginary part of p+l. _+(««) at LEP energy for cases: C5, 
C7 and C8. In all other cases, including the unpolarized one, such imaginary part 
is much smaller and should lead to a measurement of Im pi^^iiV) ^ 0. The same is 
done in Fig. 4 for d, s and h quarks. 

In Fig. 5 we plot the real part of p^L-^+iqq; y/s <C M^) taking into account 
only electromagnetic interactions for cases C5 and C6. All other cases give the 
same result as unpolarized leptons, result which is reported for comparison. Quark 
masses have been taken into account, setting e = IrHqj ^ = 0.1. 

In Fig. 6 we plot the imaginary part of p^'L-^+{qq; \fs <ti M^) taking into account 
only electromagnetic interactions (and quark masses, e = 0.1) for cases C7 and C8. 
In all other cases, including the unpolarized one, the imaginary part is zero. 

Figs. 1-6 show beyond any possible doubt how the elementary dynamics might 
lead to very different values of pi _i(V^), according to the different spin states of the 
initial e"*" and e~. A measurement in agreement with our predictions would confirm 
in a definite way the necessity of coherent effects in the quark fragmentation and 
prove all subtleties of the Standard Model dynamics. 

Let us further comment on the most typical cases. The possible spin configura- 
tions and the definitions of the various cases are listed at the beginning of Section 3. 
Concerning the real parts at LEP energy - Figs. 1 and 2 - case C5 presents the most 
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striking features, both in sign and 6 dependence and shows a drastic difference from 
the unpolarized case; also C6 has a pecuhar, almost constant, 9 dependence which 
should be easily detectable. These two cases correspond to e"*" and e~ transversely 
polarized in the same direction, with either parallel or opposite spins. Cases CI, 2 
and C4, 9 also deviate largely from the unpolarized case, in particular for charge 
-1/3 quarks: CI and C4 correspond to initial leptons with opposite helicities and 
C2, C9 to spin configurations in which one of the lepton is longitudinally polarized 
and the other is transversely polarized. 

Cases C7 and C8, leptons transversely polarized in different directions, lead 
to results similar to unpolarized leptons for the real part of however, 
contrary to the unpolarized case, they give large values, strongly varying with 6 - 

Figs. 3 and 4 - for Im p^L- \-{ci(l), which makes them very interesting. Also C5 

exhibits a peculiar 9 dependence in Im p^L-^^^qq) 

At lower energy, when only electromagnetic interactions contribute, cases C5 and 
C6 are simple and very interesting - see Fig. 5 - for the real parts of p^L-^^iqq); 
cases C7 and C8 are unique providers of sizeable imaginary parts of p^---+{qq), 
Fig. 6. 

We have thus completed the study of the off-diagonal helicity density matrix 
element pi^^i{V) of vector mesons produced in e~^e~ annihilations into two jets, 
selecting vector mesons with a large energy fraction and small transverse momentum 
inside one of the jets. The idea was suggested in Refs. |I[ and 0, and the first 
numerical predictions, given in Ref. 0, have been confirmed by some experimental 
data ^. We have considered here the most general case of polarized e"*" and e~; 
we have given numerical results both at LEP energy, ^/s = M^, and for ^/s ^ M^, 
but our formulae, Eqs. (17)-(19) and (21)-(29), are valid at any energy and take 
into account both electromagnetic and weak interactions. 

At the moment, there is no operating e~^e~ collider with polarized beams; how- 
ever, future generations of linear colliders are being planned and our study might 
indicate very good reasons to seriously consider polarization options. 
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Figure Captions 

Fig. 1 - Plot of Re[/9!|.°i. ^(nn;-v/i = M^)] as a function of 9 (the production angle of 

the vector meson in the e~e~^ cm. frame) for cases: C5, C6 (both leptons transversely 
polarized with spins either parallel or anti-parallel); CI, C4 (leptons with opposite helici- 
ties); C2, C9 (one lepton longitudinally polarized, the other transversely polarized). Also 

the value of ; \-{uu; y/s = M^) for unpolarized leptons is shown for comparison. In 

all other cases one obtains results similar to the unpolarized case. 

Fig. 2 - The same as in Fig. 1, for d-type quarks. 

Fig. 3 - Plot of Im[//J°i. \.{uu] y/s = M^)] as a function of 6 (the production angle of the 

vector meson in the e~e'^ cm. frame) for cases: C5 (both leptons transversely polarized 
with spins either parallel or anti-parallel); C7, C8 (both leptons transversely polarized, in 
different directions). In all other cases, including the unpolarized one., Im[/!^°_. |_(m«; ^/s = 

Fig. 4 - The same as in Fig. 3, for d-type quarks. 

Fig. 5 - Plot of Re[pP_._+(g^; < M^)] as a function of 9 (the production angle of 
the vector meson in the e~e"'" cm. frame) for cases C5 and C6 (both leptons transversely 
polarized with spins either parallel or anti-parallel). All other cases give the same result 
given by unpolarized leptons, which is shown for comparison. Quark masses have been 
taken into account, with e = 2mg/y^ = 0.1. 

Fig. 6 - Plot of Im[/>!J.°i. ^{qq;y/s <^ M^)] for cases C7 and C8 (both leptons trans- 
versely polarized, in different directions). In all other cases, including the unpolarized one, 
lm[f/^°L_^{qq; ^ « M^)] = 0. Again, e = 0.1. 
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Fig. 1: Plot of Re[fF^l._^{uu; ^ = M^)\ as a function of 9 (the production 
angle of the vector meson in the e~e^ cm. frame) for cases: C5, C6 (both lep- 
tons transversely polarized with spins either parallel or anti-parallel); CI, C4 
(leptons with opposite hclicitics); C2, C9 (one lepton longitudinally polarized, 

the other transversely polarized). Also the value of p_| ; y{uu; y/s = M^) for 

unpolarized leptons is shown for comparison. In all other cases one obtains 
results similar to the unpolarized case. 
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2: The same as in Fig. 1, for d-type quarks. 
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Fig. 3: Plot of Im[/9^1. ^.{uu;^/s = M^)] as a function of 6 (the produc- 
tion angle of the vector meson in the e~e~^ cm. frame) for cases: C5 (both 
leptons transversely polarized with spins either parallel or anti-parallel); C7, 
C8 (both leptons transversely polarized, in different directions). In all other 
cases, including the unpolarized one, Im[p^''l. y{uu;yfs = M^)] 2± 0. 
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4: The same as in Fig. 3, for d-type quarks. 
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Fig. 5: Plot of Re[p'^°l. ^-{qq', ^/s ^ Mz)\ ^ function of 6 (the production 

angle of the vector meson in the e~e^ cm. frame) for cases C5 and C6 
(both leptons transversely polarized with spins either parallel or anti-parallel) . 
All other cases give the same result given by unpolarized leptons, which is 
shown for comparison. Quark masses have been taken into account, with 



2m„ 



0.1. 
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Fig. 6: Plot of lm[p^_^\_^{qq; ^ « M^)] for cases C7 and C8 (both leptons 
transversely polarized, in different directions). In all other cases, including the 
unpolarized one, Im[/9?|_°i. ^/s ^ M^)] = 0. Again, e = 0.1. 
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